This paper deals with thermal drying of wastewater sludges, whose management will become crucial in the forthcoming years. Sludges collected after mechanical dewatering in 5 different WWTPs are submitted to the same convective drying treatment in order to try finding some relations between the drying behaviours, the type of effluent and wastewater treatments. Results show clearly sludge drying remains a particularly complex operation because sludges may exhibit very different behaviours, both from kinetic and texture points of view. Initial moisture content and global composition are not sufficient to explain the different observed behaviours. It is too early to claim one or another type of water treatment has an influence on the drying behaviour. However, the drying rates can be classified in the inverse order of the organic content. Moreover for sludges at the same siccities, the harder the material (rheological properties), the higher the drying rate. Final textural properties can be related to the rheological properties and the internal diffusion limitations lowering the drying intensity.
INTRODUCTION
According the directive of the Council of European Communities concerning urban wastewater treatment [1] , municipalities will have to face with growing amounts of wastewater sludges. Their production is expected to double between 1992 and 2005 [2] . At the same time, the directive on waste landfill [3] plans the progressive reduction of sludge disposal in dump sites, which is currently the second issue for sludge after landspreading [4] [5] . This explains that sludge management will become a real challenge of the years to come.
Two major issues will remain for sludge disposal: incineration and landspreading. In both cases, drying is and will remain a critical and necessary pretreatment after mechanical dewatering by centrifugation or filtration. It can indeed reduce the water content below 5% dry solids (DS). This obviously reduces the mass and volume of waste and, consequently, the cost for storage, handling and transport. The removal of water to such a low level increases drastically the lower calorific value, transforming the sludge into an acceptable combustible. Furthermore, the dried sludge is a pathogen free, stabilized material because of the high temperature treatment. Despite the industrial and economic importance of such process, rather few works have been carried out in order to get a better understanding of the key -rate controlling -mechanisms. The main practical consequence is that the drying behaviour of a sludge is still difficult to predict. Research in this field is however progressively growing, as indicated by recent publications [6] [7] [8] [9] [10] .
Activated sludges are heterogeneous mixtures of microorganisms, mineral particles, colloids, organic polymers and cations, whose composition varies considerably depending on sample origin. Their drying behaviour may strongly vary from one sludge sample to another. This study investigates the convective drying of sludges coming from 5 different wastewater treatment plants (WWTP) in order to try finding some relations between the drying behaviours, the type of effluent (domestic or industrial) and wastewater treatments. As mechanical characteristics have an effect on the drying properties [11] , rheological properties of each sludge are determined.
MATERIALS AND METHODS

Sludge Samples
Sludges have been collected after the mechanical dewatering step in 5 WWTPs whose principal characteristics are listed in Table 1. Table 2 presents dry solids (DS) and volatiles solids (VS) contents of each sludge, determined according Standard Methods [12] . Sludge E, dewatered by centrifugation, exhibits the highest dry solids content, while the digested sludge C has the lowest one. According to volatile solids contents, sludges are mainly organic, with highest values for sludges coming from plants D and E, equipped with nutrient removal stages. In order to estimate the effect of dry solid contents on drying and rheological behaviour, thickened sludge samples have been collected before dewatering step in WWTP B (see Table 2 ). These samples have been dewatered in a normalized filtration-expression cell in order to obtain dry solids contents ranging between 12.9 and 15.4 % [13] .
Before drying, sludge samples have been extruded through a circular die of 12 mm and cut at a height of 15 mm, yielding cylindrical samples with volume and mass of approximately 1.7 cm 3 and 2 g, respectively, as used in several industrial belt dryers.
Convective Drying Rig
Convective drying experiments have been carried out in a so-called 'micro-drier' specially designed for handling small extruded samples with a mass between 0.5 and 5 g. The micro-drier is a classical convective rig controlled in relative humidity, temperature and air velocity, which has already been described in detail in a previous paper [10] . Drying curves representing the drying rate (kg s -1 )
versus the water content on a dry basis W (kg kg -1 ) are calculated from these mass versus time data.
Dividing the drying rate by the external exchange area yields the so-called Krisher's curves commonly used to study drying, i.e., the mass flux (kg m -2 s -1 ) versus water content (kg kg -1 ). Results reported in this study refer to the following operating conditions: temperature of 160°C, superficial velocity of
, ambient humidity. Ambient humidity fluctuates from one day to another one, ranging between 0.004 and 0.010 kg/kg. Such variations can however be neglected, at a high temperature, when compared to the external driving force.
X-ray Microtomograph X-ray microtomography is used to follow shrinkage and determine the external exchange area of the sample needed to compare drying behaviours. It also allows the detection and quantification of internal cracks or any other modification of the sludge texture . The microtomograph used in this study is a "Skyscan-1074 X-ray scanner" (Skyscan, Belgium). The X-ray source operates at 40 kV and 1 mA.
The detector is a 2D, 768×576 pixels, 8-bit X-ray camera with a spatial resolution of 41 µm. The sludge sample is periodically (approximately every 5 minutes) removed from the micro-drier and placed in the microtomograph. Once the sample is placed in the microtomograph a zone covering a height of 1 cm is selected to record a series of 2D scans. The number of angular positions is restricted in order to limit acquisition time at about 2 minutes. This allows avoiding relaxation of internal moisture profiles and further drying of the sample. A previous work has shown that repeated interruptions of the drying experiment have no significant effect on drying kinetics [14] . A classical back projection algorithm is used to reconstruct 2D scans. Measurement of external area and crack extent has been performed by image analysis as detailed elsewhere [15] .
Rheometer
As sludges are viscoelastic materials presenting simultaneously viscous and elastic properties [16] , oscillation tests have been chosen to characterise their rheological properties, namely the elastic and viscous moduli. In this kind of test, samples are submitted to a sinusoidal stress or strain depending of the device. Frequency or stress sweep can be performed. In this study a constant stress rheometer (Bohlin Rheometer CS, Bohlin, UK) equipped with a parallel plate system (gap = 2 mm) has been used.
This parallel plate configuration has been shown to be easier to use (sample preparation and loading) with soft solids, than cone and plate or concentric cylinders [17] . An oscillation frequency sweep between 0.1 and 20 Hz at a fixed stress of 100 Pa has been applied to the samples. The level of stress was chosen sufficiently low to remain in the linear response zone of the material. The temperature of the base plate was fixed at 20°C.
RESULTS AND DISCUSSION
Drying Behaviour Figure 1 shows the Krisher's curves (see Materials and Methods section) corresponding to the 5 sludges. The 5 samples present their own drying behaviour and different maximum drying intensities.
The drying time ranges from 20 minutes (sludge B) to 45 minutes (sludge E). Sludge B dries clearly faster than the other ones. The analysis is a little bit more tricky for sludges A, C, D and E because some curves partially overlap. It seems however that a trend can be pointed out: the drying rates of theses samples can be classified in the inverse order of their organic content (see volatile contents in Table 2 ). Table 3 in an increasing order of volatile solid contents.
The influence of the volatile solid content could be explained by internal transfer limitations.
Interactions between water and organic matter could indeed hinder water mobility inside the sludge.
Similar trends of the evaporation capacity versus the organic content have also been observed in other types of drying equipment such as indirect driers (see e.g., [18] ).
This interpretation does not take into consideration dewatering parameters which can have an influence on the final structure. However, we have shown in a previous work [13] that, for sludges B and D, neither the dewatering pressure drop, nor the polyelectrolyte dose have a significant impact on the drying behaviour. The same observations are reported by others [7] . This would require a large-scale survey to confront data acquired by different researchers involved in sludge drying, sludge dewatering and wastewater treatment 
Rheological Properties
